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In Brief
Genetics affect sensitivity of animals and humans to viral infections. Denzin et al. show that mice from the I/LnJ strain produce neutralizing antibodies against retroviruses due to inactivation of beta subunit of non-classical major histocompatibility complex (MHC) protein H2-O. Mutations found in human orthologous HLA-DO genes may explain resistance or sensitivity to hepatitis B and C viruses.
INTRODUCTION
Resistance and sensitivity to viral infections depend on the genetic make-up of the host. Genome-wide association studies (GWASs), which test DNA sequence variation across the human genome for linkage with genetic traits (e.g., resistance to infections), have been used to uncover associated genetic loci. Outcomes of infections with persistent viruses, such as human immunodeficiency virus (HIV), human hepatitis C virus (HCV) and human hepatitis B virus (HBV) have been linked to the major histocompatibility complex (MHC). The ability to control HIV in some ''elite controllers'' has been linked to specific MHC class I (MHC-I) alleles (Fellay et al., 2007; Kosmrlj et al., 2010; Kulkarni et al., 2011; Miura et al., 2009; Pereyra et al., 2010) , and persistence of HCV and HBV has been linked to MHC class II (MHC-II) alleles (Chang et al., 2014; Duggal et al., 2013; Li et al., 2016) . MHC involvement in virus clearance was expected since MHC-I and MHC-II genes control CD8 + T cell responses and CD4 + T cell-dependent antibody (Ab) responses, respectively.
Since elite controllers are capable of producing virus-specific cytotoxic T cell-mediated immune responses (Walker and Yu, 2013) , alleles of HLA-C and HLA-B were proposed as candidates for HIV control (Kosmrlj et al., 2010; Kulkarni et al., 2011; Miura et al., 2009) . Similarly, as spontaneous HCV clearance correlates with the early appearance of virus-neutralizing antibodies (Abs) (Osburn et al., 2014; Pestka et al., 2007) , several MHC-II alleles of HLA-DQ were considered as candidates mediating efficient, CD4 + T cell-dependent humoral responses to this virus (Duggal et al., 2013) . Further, the production of neutralizing Abs that play a key role in the recovery from infection with HBV (Ciupe et al., 2014; Huang et al., 2006) was also linked to specific HLA-DQ alleles (Chang et al., 2014; Li et al., 2016) .
GWAS is a powerful tool, but its predictive capacity relies on the frequency of recombination, which varies from locus to locus. This is especially important when considering critical regions within the MHC locus, one of the most gene-rich regions in the human genome where many of the linked genes play important roles in immune system regulation. Therefore, additional approaches to resolve involvement of specific MHC genes in immunity to infection are required to test the possibility that other closely linked genes might actually determine the phenotype. In contrast to humans, where genetic manipulations are impossible, animal models serve as powerful tools that can be exploited to discover underlying mechanisms that alleviate viral diseases. Mice are resistant to human viruses such as HCV or HIV; however, they have their own persistent viruses, such as mouse mammary tumor virus (MMTV, a betaretrovirus) and murine leukemia virus (MuLV, a gammaretrovirus) that can be used as models to discover genes responsible for the outcome of infection. Mice from genetically distinct strains exhibit selective susceptibility to MMTV or MuLV infections, and the mechanisms controlling these viruses are linked to adaptive immune responses (reviewed in Dudley et al., 2016; Miyazawa et al., 2008) . The anti-retroviral Ab response in C57BL/6 (B6) mice is mapped to a single dominant gene, ''recovery from Friend virus 3'' (Rfv3), located on chromosome 15 (Hasenkrug et al., 1995) . Rfv3 mediates the Ab response to MuLV, but not to MMTV. In contrast, mice of the I/LnJ strain are unique in their ability to control both MMTV and MuLV via virus-neutralizing Ab responses (Case et al., 2008; Purdy et al., 2003) . I/LnJ mice become infected with either retrovirus, but the neutralizing Abs they produce not only render the viruses noninfectious but also prevent the emergence of immune escape variants (Case et al., 2008 (Case et al., , 2005 Purdy et al., 2003) . A single recessive locus, virus infectivity controller 1 (vic1), controls resistance to these retroviruses in I/LnJ mice (Purdy et al., 2003) . I/LnJ mice carry a resistant allele of vic1 (vic1 R ), whereas MMTV-susceptible C3H/HeN and B6, as well as MMTV-and MuLV-susceptible BALB/cJ, mice carry the susceptible alleles (vic1 S ) (Case et al., 2008; Golovkina, 2000; Kane et al., 2011; Purdy et al., 2003) . The vic1 gene has been preliminary mapped to the MHC locus (Kane et al., 2011) . However, the unusual recessive nature of resistance conferred by vic1 R suggested that its dominant counterpart vic1 S was a negative regulator of the retrovirus-specific immune response. Here, using a positional cloning approach, we identify vic1 as H2-Ob, which encodes the beta subunit (Ob in mice and DOb in humans) of the non-classical MHC-II-like molecule H2-O (HLA-DO or DO in humans). The recessive I/LnJ H2-Ob allele resulted in a functionally null H2-O protein. Thus, the common functional H2-Ob allele is responsible for the lack of Ab responses in virussusceptible mice. Computational and subsequent functional analyses of human HLA-DOB alleles revealed genetic variants with both loss-and gain-of-function mutations. GWASs have previously linked the outcome (persistence or clearance) of both HCV and HBV infections to the HLA-DQ locus (Chang et al., 2014; Li et al., 2016) . We have mapped HLA-DOB within the same linkage disequilibrium (LD) block as the HLA-II DQ locus, thus suggesting that HLA-DOB could contribute to the control of both viruses as much as the HLA-II DQ genes. Finally, at least one gain-of-function DOB variant (G77V) was linked to the inability to clear HCV infection. These findings reveal the previously unknown role of H2-O (HLA-DO) in the control of persistent viral infections.
RESULTS

Mapping of the vic1 Gene to the MHC Locus
In order to determine the genetic mechanism by which I/LnJ mice mount a highly potent anti-retroviral immune response, a positional cloning approach was taken. The vic1 locus was previously mapped to a $54.4 Mb region on chromosome 17 between 8.3 Mb and 63 Mb (Case et al., 2008; Kane et al., 2011) . To confirm the role of this locus in the resistance to retroviruses, the locus was transferred from the I/LnJ background to the MMTV-susceptible C3H/HeN and B6 backgrounds, as well as the MMTV-and MuLV-susceptible BALB/cJ backgrounds. As a result, congenic C3H/HeN vic1i/i , B6 vic1i/i , and BALB/cJ vic1i/i lines were produced ( Figure 1A ). Upon infection with retroviruses, all individual congenic strains generated virus-neutralizing immune responses (Figure 1 , shown as line A), recapitulating the phenotype of the I/LnJ strain (Case et al., 2008; Kane et al., 2011) . The perfect correlation between the vic1 R genotype and the viral resistance phenotype for each of the congenic strains clearly indicated that the production of the anti-viral immune response was controlled by the I/LnJ vic1 locus.
To further reduce the size of the 54.7 Mb vic1 critical region, a series of congenic strains containing smaller overlapping regions within I/LnJ vic1 locus were generated, and mice with new recombination points within the vic1 locus were made homozygous for the I/LnJ-derived locus (required because the resistance mechanism was recessive) and subsequently analyzed for a virusneutralizing immune response. MMTV-infected mice from lines A (positive control), C, D, E, G, H, I, J, and K produced virus-neutralizing Abs, whereas lines B, F, and L did not (Figures 1A and 1B) . Consistent with a lack of an Ab response, lines B, F, and L continued to transmit infectious virus to their progeny ( Figure 1A ). Additionally, BALB/cJ congenic mouse lines E, G, H, and I, but not F, generated an Ab response to MuLV that resulted in the elimination of the virus ( Figures 1A and 1C) . Thus, monitoring the production of anti-virus Abs in the infected congenic mice allowed for narrowing the vic1 locus to a $0.71 Mb region located between 33.60 and 34.31 Mb on chromosome 17 ( Figure 1A ). Figure 2) . A similar approach was used to rule out the possibility that classical MHC-II encodes vic1. B6 mice express only I-A MHC-II molecules due to a deletion in the promoter of H2-Ea gene (Dembic et al., 1985) . Thus, we first crossed B6 mice carrying a ''floxed'' allele of the H2-Ab gene (Hashimoto et al., 2002) with ZP3-Cre B6 transgenic mice (de Vries et al., 2000) to generate mice with a permanently deleted H2-Ab gene and crossed them to I/LnJ mice to produce F1 mice that carry only MHC-II genes of the I/LnJ origin (MHC-II i/-hemizygous mice).
In addition, we crossed I/LnJ mice to B6.MHC-II del/del mice (Madsen et al., 1999) , which lack all classical MHC-II genes. MMTV-infected mice from both groups were screened for antivirus Abs. (Figure 2 ). Together, these data definitively eliminated classical MHC-I and MHC-II genes as encoding vic1.
Identification of a Non-classical MHC-II Gene as the Candidate Gene Encoding vic1
To further reduce the size of the vic1 region, a bacterial artificial chromosome (BAC) phenotype rescue experiment was performed. The expression of the dominant susceptible B6 vic1 allele by a transgenic BAC should oppose the ability of virusresistant B6 vic1i/i congenic mice to produce anti-virus Abs. Overlapping BACs spanning the entire B6 vic1 locus were used to make four independent transgenic lines on the B6 vic1i/i congenic background ( Figure 3A ). Transgenic and non-transgenic littermates from all lines were infected with MMTV and screened for anti-virus Abs ( Figure 3B ). Only two BACs (J18 and L18) reversed the resistant phenotype of B6 vic1i/i mice ( Figures 3A and 3B ). The overlap between the two BACs positioned the vic1 gene within a region of 32.9 kb (between bp 34,211,575 and 34,244,528) (Figure 3A) that contained a partial sequence of Tap2, a complete sequence of H2-Ob, and a complete sequence of a predicted gene, Gm15821.
We reasoned that only mutations found uniquely in the I/LnJ genome but not in the genomes of susceptible mice would be meaningful. Thus, whole-genome sequencing of DNA from I/LnJ, BALBc/J, and C3H/HeN mice was performed followed by alignment of the sequences to the reference B6 genome to screen for polymorphic mutations within the new shortened 32.9 kb vic1 critical region of chromosome 17. Several unique non-synonymous variants were identified in the coding regions of I/LnJ H2-Ob compared to similar regions in mice from all three retrovirus-susceptible mouse strains. Four mutations leading to amino acid substitutions (S128N, V148I, L167H, and E239K) were identified in the H2-Ob gene ( Figure 3C ), and eight and four nucleotide substitutions were found in 5 0 and 3 0 non-coding regions of the H2-Ob gene, respectively (Tables S1-S3 ). In addition, two substitutions (N424S and D585A) were found in the Tap2 gene (Tables S1-S3 ). However, Tap2 was not further pursued because BAC L18 encoded only part of Tap2 (Table S1C ) and yet suppressed the production of anti-virus Abs ( Figures  3A and 3B ). Gm15821 was also eliminated as a candidate for vic1 since no mutations were found within the coding or noncoding regions of the I/LnJ Gm15821 allele.
H2-O-Deficient Mice Produce Virus-Neutralizing Abs
The recessive mechanism of the Ab response in I/LnJ mice suggested that I/LnJ vic1 might be a loss-of-function allele. If so, MMTV-infected H2-Ob-deficient mice are expected to emulate the I/LnJ anti-virus immune response. The H2-Ob gene encodes figure) , the BALB/cJ background (B and C), and to the B6 background (Kane et al., 2011) . C3H/HeN-, BALB/cJ-, and B6-based strains were infected with MMTV, while BALB/cJ-based strains were also infected with MuLV. Relevant anti-viral response phenotypes (anti-MMTV and anti-MuLV IgG2a/2c-specific Abs and MuLV plaque-forming units, PFUs, 3 months post infection of six-to eight-week-old mice) are shown below. MMTVneutralizing capacity of Abs was tested in the offspring produced by injected females (2-3 litters from each line). Females from lines A, C-E, and G-K produced uninfected offspring, whereas mice from lines B, F, and L transmitted infectious virus (MMTV + offspring).
(B) Anti-MMTV response in mice from congenic lines. Mice shown in (A) were infected with MMTV at 6-8 weeks of age and screened for anti-virus IgG2a/2c-specific Abs by ELISA 3 months later. Backgrounds obtained from incubation with secondary Abs alone were subtracted. Data are presented as mean of >15 mice per line and were combined from >15 independent experiments. (C) Anti-virus Abs and PFUs in MuLV-infected mice from BALB/cJ vic1i/i congenic lines. Mice were injected with MuLV at 6-8 weeks and were screened for antivirus Abs as well as PFUs 3 months later. Means are combined from 8 independent experiments with >13 mice per mouse line used.
the Ob protein, which together with Oa (encoded by H2-Oa) forms the relatively non-polymorphic MHC-II-like molecule, H2-O (Karlsson et al., 1991) . H2-O was a promising candidate for vic1, as it functions as a negative regulator of MHC-II presentation (Denzin et al., 1997) . As H2-O is an obligate heterodimer, the loss of either chain leads to degradation of the other chain and to H2-O deficiency (Liljedahl et al., 1996) . Thus, we evaluated the ability of both B6.H2-Oa-deficient mice (Liljedahl et al., 1998) and B6.H2-Ob-deficient mice that were generated using CRISPR/Cas9 technology ( Figure S1 ) to produce anti-virus Abs following infection. H2-O-deficient mice and their littermate controls were infected and screened for anti-MMTV Abs by ELISA. Both H2-Oa-and H2-Ob-deficient infected mice produced anti-virus Abs (Figure 4 Blum et al., 2013; Denzin, 2013; Mellins and Stern, 2014) . H2-M replaces MHC-II-associated invariant chain peptides (CLIP) that protect the MHC-II peptide-binding groove until MHC-II arrival in endosomal compartments with high-affinity, pathogen-derived peptides. H2-M function is opposed by H2-O, which acts as an MHC-II mimic, blocking the ability of H2-M to catalyze MHC-II peptide loading (Guce et al., 2013) .
Since H2-O-deficient mice generated virus-neutralizing Ab responses similar to I/LnJ mice, we hypothesized that I/LnJ H2-Ob was a non-functional allele. Thus, we directly measured the impact of I/LnJ H2-Ob on MHC-II peptide presentation. Cells that lack H2-O have lower levels of MHC-II-CLIP complexes as H2-M function is enhanced in the absence of inhibition by H2-O (Gu et al., 2013) , and MHC-II-CLIP levels on the cell surface can be used as a readout to measure H2-M activity (Chen et al., 2002; Denzin et al., 1997; Glazier et al., 2002) . Therefore, we used an Ab that specifically recognizes I-A b -CLIP complexes (Liljedahl et al., 1998) Figures 5A-5D ). These functional data showed that I/LnJ H2-Ob is a loss-of-function allele.
Human HLA-DOB Alleles with Altered Function Next, to determine whether humans also carry HLA-DOB and HLA-DOA alleles with altered function, over 60,000 exomes from the ExAC database (Lek et al., 2016) were analyzed (Tables  S4 and S5 ). Ninety-four HLA-DOB and 107 HLA-DOA allelic variants were identified that had altered protein-coding sequences with the frequencies ranging from 8.24 3 10 À6 to 0.114 ( Figure 6A ; Tables S4 and S5 ). Seven of 94 HLA-DOB alleles had frameshift/ stop codon mutations and were predicted to be null. The frequencies of these alleles were very low and none were found to be homozygous. At the same time, 32 HLA-DOB alleles with varying frequencies carried missense mutations that could potentially produce proteins with altered function. Twenty missense HLA-DOB mutation-carrying alleles, as well as five previously identified common alleles and the seven frameshift/stop codon mutants, were chosen for further functional studies (Table S4) . As in mouse cells, the ability of DO to inhibit DM in human MHC-II expressing cells can be measured by monitoring MHC-II-CLIP levels. Cells lacking DO have low levels of MHC-II-CLIP, whereas cells expressing DO have increased levels of MHC-II-CLIP (Denzin et al., 1997) . Therefore, to determine if The region of overlap between BACs J18 and L18 shows common genes.
(B) Phenotypes of BAC transgenic mice. Transgenic and non-transgenic (n/t, data combined from all strains) littermates were infected with MMTV at 6-8 weeks of age and screened for anti-viral IgG Abs 3 months later. Means are combined from 5 independent experiments. p values were calculated using unpaired t test and are shown relative to non-transgenic mice. R13 mice per strain were used. (C) Amino acid alignment of B6, BALB/cJ, C3H/HeN, and I/LnJ Ob. Amino acid number 1 corresponds to the first amino acid after signal sequence cleavage.
Negative numbers correspond to the amino acid residues of the signal sequence. Protein domains are marked by colored frames.
the mutations encoded by the HLA-DOB alleles resulted in DO proteins with altered function, an in vitro system was used. HeLa cells stably transfected with the class II transcriptional activator (HeLa.CIITA) that drives the expression of MHC-II, DM, and invariant chain (Khalil et al., 2002) were transiently transfected with plasmids expressing HLA-DOA*0101 (most common allele of HLA-DOA) and the variant HLA-DOB alleles ( Figure 6A ). Three days later MHC-II-CLIP, DO, DM, and MHC-II levels were measured by flow cytometry. MHC-II-CLIP levels were low on cells expressing empty vectors or only HLA-DOA*0101 or HLA-DOB*0101 individually but increased on cells transfected with HLA-DOA*0101 and HLA-DOB*0101 together ( Figure S3A ), validating this approach for measurement of the impact of HLA-DOB mutations on DO activity. As predicted, the seven frameshift/stop codon HLA-DOB mutants produced no detectable protein after expression with HLA-DOA*0101 in HeLa.CIITA cells, and MHC-II-CLIP levels remained low ( Figures S3B and S4B ). Expression of the five known common HLA-DOB alleles (HLA-DOB*0101-*0105) resulted in similar levels of DO and MHC-II-CLIP ( Figure S3B ), demonstrating that they were functionally similar. The other alleles could be grouped into four different cohorts when compared to DOb*0101: (1) nine alleles (R39H, P103S, E138Q, I148F, M160I, V186A, L208I, N235S, and E236K) that expressed both DO and MHC-II-CLIP at similar levels; (2) six alleles that resulted in reduced levels of both DO and MHC-II-CLIP levels (G20R, R70G, Y123H, D126V, W131L, and N150S); (3) four alleles that produced similar amounts of DO but reduced MHC-II-CLIP (R39C, Q60K, R93K, and L109P); and (4) two alleles that resulted in reduced DO but showed no difference in MHC-II-CLIP levels (R70G and G77V) (Figures 6B and S3B) . MHC-II and DM levels were unchanged after expression of the various DOb alleles ( Figure S3B ).
To identify DOb alleles with altered function, the ratio of MHC-II-CLIP to DO was determined. Since the five known DOb alleles ) and B6 vic1i/i mice were used as negative and positive controls, respectively. Means are derived from combined data from more than 3 independent experiments. Sera that showed reactivity above the background in ELISA were used for pre-incubation with MMTV virions before injection into susceptible BALB/cJ mice. Neutralization (%) was calculated as described in STAR Methods. n, number of mice (left graphs) or number of sera used (right graphs). Significance was calculated using an unpaired t test. See also Figures S1 and S2.
all expressed similar levels of DO and MHC-II-CLIP, we considered alleles that had a MHC-II-CLIP:DO ratio more than one SD away from the average obtained for the five known alleles (1.12 ± 0.177) to be alleles that possessed altered function. While G20R, R39C, R93K, Y123H, and N150S exhibited decreased DO function, R70G and G77V showed enhanced DO activity ( Figure 6B ). Enhanced DO activity of the G77V variant was maintained even at lower levels of DO expression ( Figures 6C and S4B) . Interestingly, alleles with both reduced (G20R and R39C) and enhanced (G77V and R70G) DO activity had mutations that were mapped to the MHC-II beta-like domain of DOb ( Figure S5 ). The other DOb variants with reduced function (Y123H and N150S) were mapped to the immunoglobulin domain, while R93K was mapped in between the two domains ( Figure S5 ).
Some Human HLA-DOB Alleles Can Be Linked to Specific Outcomes of Persistent Viral Infections
To determine whether the HLA-DOB alleles with altered function have relevance to viral clearance or persistence, bioinformatics and literature searches were performed. First, we found that the coding regions of some HLA-DOB alleles used in our studies possessed previously documented SNP IDs ( Figure 6A ; Table  S4 ). We then tested for linkage of these SNPs to the known non-coding nearby SNPs using the 1000 Genomes database (Genomes Project et al., 2015) . This approach allowed us to establish that two SNPs, rs144814623 and rs2071469, mapped to the coding region and the 5 0 UTR of DOB were in LD with three SNPs, rs9276370, rs7756516, and rs7453920, encompassing the HLA-DQA2-DQB2 locus (Chang et al., 2014) (Figure S6 ), which was previously linked to HCV (Duggal et al., 2013) and HBV (Chang et al., 2014) persistence. The ''C'' allele of rs2071469 (in HLA-DOB) was found associated with increased susceptibility to HCV infection (Huang et al., 2015) . These results indicate that HLA-DOB is co-inherited with DQA2-B2 genes and thus may contribute to HCV and HBV persistence. Indeed, we found that ''A'' in rs144814623 (resulting in G77V DOb allele) was exclusively associated with ''C'' in rs4273729 (D' = 1; p < 0.0016), which was previously linked to HCV persistence (Duggal et al., 2013) , whereas ''G'' in rs4273729 was more often associated with virus clearance. Since the DOb G77V variant has gain-of-function properties, it is possible that it impairs viral clearance by negatively influencing MHC-II presentation. The 1000 Genomes database reports DOb G77V as uniquely present in people of African ancestry. Since HCV-infected patients of African descent are less likely to spontaneously clear the virus than patients of European or Asian genetic backgrounds (Thomas et al., 2000) , our data provide potential insights into why that takes place.
I/LnJ H2-O and DO Variants with Altered Function Are Still Capable of Interacting with DM
We have described a range of rare mutant alleles of the H2-Ob and HLA-DOB genes present in mice and humans and have used the ability of H2-M or DM to remove CLIP from MHC-II complexes as a proxy to measure the function of the resulting variant H2-O or DO proteins (Figures 5 and 6 ). Mutations found in mouse I/LnJ H2-Ob and human HLA-DOB genes resulted in enhanced or reduced inhibition of H2-M or DM. H2-M/DM and H2-O/DO are heterodimers formed by the association of Ma/ DMa and Mb/DMb or Oa/DOa and Ob/DOb, respectively (Alfonso and Karlsson, 2000) . H2-M/H2-O and DM/DO complexes assemble in the endoplasmic reticulum (ER) and remain associated during and after transport through the Golgi and into endosomal compartments (Liljedahl et al., 1996) . Western blot analyses ( Figure 7A , 7C, and S4A) and flow cytometry analyses (for DO; Figure S3B ) showed that, with the exception of the frameshift and stop codon DOb variants, I/LnJ Ob and human DOb variants produced detectable protein. Moreover, many of the variants, including I/LnJ Ob, were expressed at levels similar to those of the common alleles (B6, BALB/cJ, and C3H/HeN Ob parsed into bins (1-5) based on AcGFP levels, which report DOb expression as detailed in Figure S4B . The ratio of the MHC-II-CLIP gMFI to the DO gMFI was determined for each AcGFP bin as a measure of relative DM-mediated peptide loading (CLIP removal from MHC-II) and plotted relative to the AcGFP brightness (bin). Data were normalized relative to the value obtained for bin 1 for each of the DOb variants. Data were combined from 5 individual experiments. Symbols and error bars represent the mean ± SD. Significance was calculated using an unpaired, two-tailed Student's t test.
5B, 5D, and 6B) but were expressed at near normal levels and interacted with H2-M/DM (Figures 7, S3B , and S7A). These data indicated that H2-M/H2-O and DO/DM binding is necessary but not sufficient for H2-O/DO inhibition of H2-M/DM and suggest that H2-O/DO function is more complex than currently appreciated. (Duggal et al., 2013; Osburn et al., 2014; Pestka et al., 2007) and HBV infection outcomes (Chang et al., 2014) . However, all GWASs that link a given phenotype to the HLA locus typically identify a region spread over a relatively wide area. The overall low level of recombination within the HLA locus (Kauppi et al., 2004) underlies the reason for this and makes it nearly impossible to accurately map the genes responsible for specific phenotypes. Furthermore, the definitive identification of causal genetic variants within the HLA locus is extremely difficult since almost all genes ($140) within this region are polymorphic, and approximately 40% of them participate in immune responses. Whereas the roles of classical MHC genes in anti-viral defenses are well defined, possible contributions of other immune-related genes within the locus are highly likely and should not be ignored. Uncovering the roles of these other genes requires genome manipulation, which is not experimentally possible in humans.
DISCUSSION
Although laboratory animals are not susceptible to many human pathogens, they are infected with their own pathogens that use similar strategies. Importantly, mouse genomes, unlike human genomes, are easily manipulated. Early on in our studies, we found that I/LnJ mice were capable of controlling two different mouse retroviruses via the production of virus-neutralizing Abs (Case et al., 2008; Purdy et al., 2003) . This finding led us to probe for the role of classical MHC molecules responsible for the phenotype as the monogenic trait responsible for the response mapped to the MHC locus (Kane et al., 2011) . However, subsequent traditional positional cloning that involved virus-resistant I/LnJ and virus-susceptible mice from three different backgrounds ruled out the classical MHC and allowed for discovery of a null allele of the H2-Ob gene as responsible for retrovirus control. Like I/LnJ mice, both B6 H2-Oa-and H2-Ob-deficient mice produced virus-neutralizing Abs capable of clearing viral infection. Since I/LnJ and B6 mice have different MHC haplotypes, H2 j and H2 b , respectively, the virus-specific Ab response we discovered was independent of the specific MHC haplotype.
Together with Oa, Ob forms an obligate heterodimer, H2-O, which was first discovered as an H2-M-interacting protein by the Karlsson laboratory (Liljedahl et al., 1996) . The tight association of H2-O/DO with H2-M/DM during assembly in the ER and during transport to and residence in endosomal compartments suggested that H2-O/DO might regulate H2-M/DM function. Such regulation was established by in vitro biochemical analyses and in experiments in which expression of DO resulted in changes in MHC-II-CLIP and MHC-II peptide levels on the cell surface (Chen et al., 2002; Denzin et al., 1997; Liljedahl et al., 1998; van Ham et al., 1997) . In vivo studies have demonstrated that H2-O impedes the ability of B cells to gain efficient T cell help and participate in the germinal center reaction (Draghi and Denzin, 2010) . Thus, it was predicted that H2-O has evolved to control humoral immunity to self. However, although some elements of autoimmunity were previously reported in aged mice from one colony of H2-O-deficient (H2-Oa À/À ) mice (Gu et al., 2013) , it was not supported by other studies (Liljedahl et al., 1998) . These contradictory results may indicate that the Ab response observed by Gu et al. (2013) might be driven by a colony-specific pathogen. The Jackson laboratory, which has maintained the I/LnJ colony for many years, has not reported any signs of autoimmunity in these mice in any of their databases. We also have maintained a colony of I/LnJ mice for over 18 years and have not found any sign of systemic or organ-specific autoimmunity. A low degree of nuclear staining was found when sera from I/LnJ mice that were over 6 months of age were used for staining of Hep2 cells, but similar staining was also observed in age-matched BALB/cJ mice. Whereas control lpr/lpr sera produced a brightness of 10 (according to a standard scale [Stranges et al., 2007] ) at 1:100, I/LnJ (n = 6) and BALB/cJ (n = 5) sera showed brightness of 2.16 ± 0.5 and 1.4 ± 0.5, respectively, at 1:10 dilution. The weak staining and a lack of difference between I/LnJ and BALB/cJ mice (p = 0.3), along with the lack of abnormalities during histological examination of various tissues, led us to conclude that the absence of functional Ob does not predispose for autoimmunity.
The highly conserved MHC-linked H2-O-dependent mechanism of immune regulation we discovered in I/LnJ mice was unlikely to be relevant to just one type of pathogen or one species. Thus, we searched for potential contributions of HLA-DOB on the outcomes of viral infection in humans. Approximately 20% of HCV-and 90% of HBV-infected adults who received viruses via horizontal transmission spontaneously clear virus, while the rest are persistently infected (Huang et al., 2006; Villano et al., 1999) . The early presence of a broadly neutralizing Ab response correlates significantly with viral clearance in both HBV-and HCV-infected individuals (Huang et al., 2006; Osburn et al., 2014; Pestka et al., 2007) . The outcome of HBV and HCV infections was linked to the HLA-DQ locus (Chang et al., 2014; Duggal et al., 2013) . HLA-DOB is mapped to the LD block, which contains the DQA2-B2 locus ( Figure S6 ), suggesting that HLA-DOB could contribute to the control of both viruses. Furthermore, the HLA-DP locus (SNP rs3077 on HLA-DPA1), which was previously linked to chronic hepatitis in HBV-infected people (Kamatani et al., 2009) , was found in the LD block with HLA-DOA (SNP rs34987694 within the coding region of the gene, Table S5 ) (D' = 1, p < 0.0001). Thus, both HLA-DOB and HLA-DOA could contribute to (or even be mediating) the control of human viruses as much as the classical MHC-II genes do.
We used bioinformatics to identify HLA-DOB and HLA-DOA alleles present within the ExAc 60,000 exomes to show that these genes are more polymorphic than previously appreciated. HLA-DOB and HLA-DOA alleles included mutations in untranslated and translated regions of both genes, some leading to amino acid changes, frameshifts, and stop codon insertions. More frequently represented HLA-DOB alleles with missense mutations and alleles predicted to produce no protein or predicted to produce DO proteins with functional implications were further analyzed for their ability to inhibit DM by monitoring MHC-II-CLIP levels. This led to the discovery of multiple HLA-DOB alleles with altered function. Coding SNPs characteristic of some of these alleles were mapped to genomic sequences in the 1000 Genomes database. The small size of this database was a limiting factor in finding linkages between coding and non-coding SNPs that are commonly used for the GWASs. Nevertheless, the DOb G77V allele that resulted in a DO protein with enhanced DO activity was linked to HCV persistence. It is possible that the enhanced DM inhibitory activity exerted by DOb G77V variant results in negative regulation of the anti-viral Ab response, thereby allowing HCV to persist.
Since our exploration of DO function in virus control began with investigating its role in retroviral infection in a mouse, it would be highly logical to analyze the potential role of DO in HIV infections. However, in contrast to HCV-, HIV-infected individuals do not spontaneously clear the virus, and both HIV disease progressors and non-progressors produce neutralizing Abs. Therefore, it is not possible to genetically link general presence of HIV virus-neutralizing Abs and viral clearance. This obstacle, of course, does not exclude the existence of DO-mediated HIV control in humans. However, proper human cohorts must be established to perform GWASs that may reveal potential contributions of HLA-DO to virus control. For example, it is possible that ''high risk'' HIV-free people (excluding virus co-receptor-deficient individuals) with multiple documented exposures to the virus have a DO-mediated mechanism of virus control. However, this possibility remains to be explored.
How does H2-O/DO control pathogen-specific Ab responses? Loading of MHC-II molecules with peptides is mediated by the interaction of MHC-II with H2-M/DM (reviewed in Denzin, 2013; Mellins and Stern, 2014) . These MHC-II-peptide complexes are recognized by CD4 + T cells, which serve to help antigen-specific B cells. H2-O/DO interferes with H2-M/DM-MHC-II binding, as it acts as an MHC-II mimic (Guce et al., 2013) . However, our studies indicate that the precise mechanism by which H2-O/ DO functions is not as simple as competition between DO and MHC-II for DM binding. DOb alleles with both enhanced and reduced function interact with H2-M/DM, as does the functionally null I/LnJ Ob allele. Thus, the mechanism by which DO and H2-O regulate MHC-II presentation is independent of their ability to bind to DM and H2-M, respectively. We have also found that I/LnJ H2-O matured normally, indicating that it associated with H2-M in post-Golgi compartments. Importantly, mutations in different domains of DOb led to similar functional consequences, suggesting that the current knowledge of H2-O/DO function may be insufficient for understanding how exactly DO negatively controls virus-specific immunity. Perhaps one of the most intriguing questions raised by these studies is why do the H2-Ob alleles expressed by most mouse strains prevent the generation of a functional adaptive immune response that neutralizes retroviral infection? The same is likely true for the human DO common variants that efficiently downregulated DM activity. The negative regulatory role of these HLA-DOB alleles suggests that their evolutionary conservation could be driven by pathogens that take advantage of exaggerated Ab responses. For example, Abs can facilitate the uptake of intracellular pathogens, such as Mycobacteria tuberculosis (Armstrong and Hart, 1975) . Interestingly, the high sensitivity to Mycobacteria tuberculosis of I/St mice, which have common ancestry and identical MHC and H2-O loci with I/LnJ mice (Eruslanov et al., 2004; Nikonenko et al., 2000; Radaeva et al., 2005) , is associated with a strong anti-bacterial Ab response (Radaeva et al., 2005) . Thus, it is possible that the anti-mycobacterial Abs may facilitate pathogen uptake by Fc-receptor-expressing macrophages and worsen disease outcome in mice (and potentially humans) who have non-functional H2-Ob or HLA-DOB.
In sum, our studies have defined an essential role for H2-O in the negative regulation of the immune response to mouse retroviruses. Results of our studies also implicate alleles of HLA-DOB as potentially influencing the control of HCV and HBV infections. Importantly, H2-O, which is mapped in the vicinity of classical MHC-II, influences anti-retrovirus Ab responses independently of the MHC-II haplotype. These results do not diminish the importance of classical MHC genes in virus clearance but certainly implicate non-classical MHC genes in the process. Determining the precise mechanism by which the loss of DO function in controlling DM-mediated peptide loading leads to sustained neutralizing Ab responses will be essential to manipulate DO/DM interactions for therapeutic control of viral infections in humans.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: mice generated in both crosses were stained with 10.2.16 (Oi et al., 1978) , an anti-I-A k Ab (ATCC), cross reactive with I-A J to confirm expression of the I/LnJ MHC-II allele.
Overlapping B6 BACs (Children's Hospital Oakland Resources) spanning the entire vic1 locus (from kb 33.7 -34.4) were used to make 4 distinct transgenic lines with 2 founders per line ( Figure 1B) . B6 BAC transgenic mice were crossed to MMTV-resistant congenic B6
vic1i/i mice from Line J ( Figure 1A ) and then intercrossed to generate B6 vic1i/i BAC transgenic and non-transgenic mice. RP23-222K15 (K15) and RP23-208L18 (L18) contain the MHC-I and MHC-II genes, respectively. Expression of K15 and L18 transgenes was detected in peripheral blood lymphocytes and splenocytes stained with anti-I-K b (a-MHC-I) and anti-I-A b (a-MHC-II) Abs, respectively (not shown). To verify expression of R23-213I16 (I16) and RP23-95J18 (J18), we used our genomic sequence data to design primers specific for B6 alleles of rgl2 (I16) and tap2 (J18) and performed RT-PCR to establish that both BACs were expressed in B6 vic1i/i BAC transgenic mice. Mice of both genders were used at 1:1 ratios in all experiments.
C57BL6/J (B6) H2-Ob À/À mice were produced at The Jackson Laboratory using CRISPR/Cas9 technology. Two independent lines were produced. Line 134 had a 43 bp deletion, whereas line 4905 had a 19 bp deletion in exon 3. Founder mice were crossed to B6 mice for 2 generations and then intercrossed to establish homozygous lines. Western blot analysis confirmed that H2-Ob À/À did not express any detectable Ob protein ( Figure S1 ) and FACS analysis showed that Ob-expressing antigen presenting cells developed normally in H2-Ob-deficient mice ( Figure S2 ). The studies described here have been reviewed and approved by the Animal Care and Use Committees at The University of Chicago and Rutgers University which are both accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC).
Viral strains and infection
Mice were infected with MMTV (LA) a naturally occurring exogenous virus consisting of three different exogenous MMTVs, BALB2, BALBLA, and BALB14 (Piazzon et al., 1994) either via fostering by viremic females (the natural way of infecting mice as the virus is transmitted via the milk) or via intraperitoneal (i.p.) injection of 6-8-week-old mice with milk-borne MMTV as previously described (Kane et al., 2011; Purdy et al., 2003) . MMTV(LA), a naturally occurring exogenous virus (Piazzon et al., 1994) , was used for infection. The virus was propagated in C3H/HeN mice. MMTV(LA) consists of three different exogenous MMTVs, BALB2, BALBLA, and BALB14, with Vb2-, Vb6-, and Vb14-specific superantigens (SAgs), respectively (Golovkina et al., 1997; Piazzon et al., 1994) . The Vb6-specific SAg encoded by BALBLA can be presented by both the I-E and I-A molecules of MHC-II and thus is capable of efficiently infecting I-E-negative mice, like B6 mice (Buggiano et al., 1999) . Deletion of CD4 + /Vb6 SAg-cognate T cells was used to confirm MMTV infection. FACS analysis of peripheral blood lymphocytes was used to measure deletion rates. Rauscher-like MuLV (RL-MuLV), a mixture consisting of NB-tropic, ecotropic and mink lung cell focus-forming viruses, was described previously (Hook et al., 2002) . The virus was propagated in BALB/cJ mice and was isolated from spleens of chronically infected animals. Ecotropic (Eco) viral titers were determined by an infectious center assay (Rowe et al., 1970) . Experimental mice were injected i.p. with 2.3 3 10 3 Eco PFUs at 6-8 weeks of age and screened for anti-virus antibodies and PFUs 3 months later.
Cell lines
HeLa (Khalil et al., 2002) and L (Chang et al., 1994) cells transfected with the class II transactivator (CIITA; HeLa.CIITA and L-CIITA, respectively) were grown in DMEM supplemented with 5% FBS at 5% CO 2 at 37 C. CIITA expression allowed for the expression of DM/H2-M and DOa/Oa but not DOb/Ob. CTLL-2 (ATTC) and 8-1-6 expressing T cells (Logunova et al., 2005) were grown in Click's containing 5% FBS cultured at 5% CO 2 at 37 C.
METHOD DETAILS ELISA
To detect MMTV and MuLV Abs in mouse sera, an enzyme-linked immunosorbent assay (ELISA) was performed as previously described (Case et al., 2008; Chirgwin et al., 1979; Purdy et al., 2003) . All sera were used at 1 3 10 À2 and 5 3 10 À3 dilution. I/LnJ mice produced anti-virus Abs of predominantly the IgG2a isotype, as the response is interferon gamma dependent (Case et al., 2008; Purdy et al., 2003) . Therefore, mouse IgG2a-(for screening BALB/cJ, C3H/HeN congenic mice) or IgG2c-specific (for screening B6 mice), as well as total IgG-specific (for screening of all mice) secondary antibodies coupled to horseradish peroxidase (HRP) (Jackson ImmunoResearch) were used to detect anti-virus antibodies. Backgrounds obtained from incubation with secondary antibodies alone were subtracted from the values obtained from sera of infected mice.
Genome sequence of the vic1 critical region To identify mutations unique to the virus-resistant I/LnJ strain, genomic DNA from BALB/cJ, C3H/HeN and I/LnJ mice was subjected to high-throughput whole-genome sequencing using the Illumina HiSeq platform with > 20X coverage. SNPs and insertions/deletions (indels) across all three strains of mice were identified using a multistage pipeline. First, reads were aligned to the reference B6 genome (GRCm38/mm10) using Bowtie2 (Langmead and Salzberg, 2012) . SNPs and indels called in each strain were relative to the same reference genome. Second, alignments were base quality recalibrated and realigned to the Chr17: 33,700,000 -34,400,000 critical region using Novoalign (http://www.novocraft.com). In addition, PCR duplicates were removed with samtools (http://samtools.sourceforge.net). Third, SNP and indels were called using the Unified Genotype and Haplotype Caller functions in GATK (https://www.broadinstitute.org/gatk/). Finally, ANNOVAR (Wang et al., 2010) was used to identify non-synonymous SNPs using the mm10 genome annotation (http://genome.ucsc.edu). The resulting SNP and indel calls were qualitatively assessed and compared to SNPs previously identified in BALB/cJ mice (Yalcin et al., 2012) to estimate sensitivity. Polymorphic changes unique to virus-resistant I/LnJ mice were identified by excluding common changes in virus-susceptible B6, C3H/HeN, and BALB/cJ mice. Gm15821 is a Gene Model that has only been computationally predicted by one gene annotation group (Ensembl) and is not included in the standard gene annotations of UCSC and NCBI. Therefore, we performed a separate analysis focused on the predicted Gm15821.
Purification of B cells B cells were purified from the spleens of the indicated strains of mice by staining cells with biotin-conjugated Ab specific for CD19 (eBiosciences) followed by MACS (Miltenyi Biotec) using streptavidin-conjugated microbeads according to the manufacturer's protocol. Purified B cells were > 95% pure as determined by FACS analysis.
Luminal domain specific anti-Ob sera Rabbit polyclonal antisera (R.Obeta1) were produced by injecting rabbits with the luminal domain of Ob that had been purified from E. coli as a His-tagged fusion protein. Western blot analyses and quantification Splenocytes, purified B cells or transiently transfected L-CIITA or HeLa.CIITA cells were extracted for 30 min on ice in 20 mM TrisHCl, 130 mM NaCl pH 8.0 containing 1% Triton X-100 and protease inhibitors (Roche Life Science). After the removal of nuclear material by centrifugation, supernatants were mixed with Laemmli sample buffer containing 20 mM DTT and incubated at 95 C for 5 min prior to separation by 10%-20% gradient SDS-PAGE gels (Criterion or Criterion TGX; Bio-Rad) and transferred to polyvinylidene fluoride membrane (Millipore). Blocked membranes were incubated with a rabbit serum to the luminal domain of Ob (R.Obeta1, see above), a monoclonal Ab specific for Ma [YoDMA.1 (Fallas et al., 2004) ], a hamster monoclonal Ab to the cytoplasmic tail of Ob [Mag.Ob1 (Fallas et al., 2007) ], an anti-GFP (F56-GA1.2.3; cross-reacts with YFP; Frank W. Fitch Monoclonal Ab Facility, The University of Chicago), b-actin (clone AC-74; Sigma) or rabbit serums specific for the cytoplasmic tails of DOb [R.DOB/c (Denzin et al., 1997)] or DMb [R.DMB/c (Denzin et al., 1994) ] followed by detection with HRP-conjugated donkey or goat anti-rabbit, -mouse, or -hamster antibodies (Jackson ImmunoResearch). Blots were developed with SuperSignal West Pico chemiluminescent peroxidase substrate (Pierce Biotechnology) followed by exposure to film or by image capture using a ChemiDoc Touch Imaging System (Bio-Rad). Where indicated, protein levels were quantified by measuring relative band intensities with Image Lab software (Bio-Rad).
For the quantification of B cell Ob and Ma levels, the relative densities obtained for Ob and Ma were normalized to those obtained for b-actin to control for unequal sample loading. The normalized values were then used to calculate Ob and Ma levels relative to those obtained for B6 
FACS analysis
The following monoclonal Abs for FACs analysis were purchased from eBiosciences, BD Biosciences or Miltenyi Biotec: B220-v450 (clone RA3-6B2), CD8-APC-CY7 (clone 53-6.7), CD11c-PE (clone HL3), CD19-Alexa 488 (clone 1D3), MHC-II-APC (clone M1/114), CD205-PE-Cy7 (clone NLDC-145) and HLA-DR, -DP, DQ-PE-Vio770 (clone REA332). The I-A b -CLIP-specific monoclonal Ab 15G4 (Liljedahl et al., 1998 ) (provided by A. Rudensky, Memorial Sloan Kettering Cancer Center), the human CLIP specific monoclonal Ab CerCLIP.1 (Denzin et al., 1994) and the human DM and DO heterodimer specific monoclonal Abs MaP.DM1 and MagsDO5, respectively (Glazier et al., 2002; Hammond et al., 1998) were purified from bioreactor supernatants using standard Protein G chromatography and conjugated with Alexa 647 (15G4 and Mags.DO5) or biotin (CerCLIP.1 and MaP.DM1) according to the manufacturer's protocol (Invitrogen).
For FACS analysis of splenic B cells and dendritic cells spleens were digested in 400 U/ml collagenase D and 100 mg/ml DNase I for 30 min at 37 C. The resulting splenocytes were blocked with Mouse BD Fc Block (BD Biosciences), incubated on ice with antibodies specific for surface proteins for 30 min followed by washing and analysis. Data was acquired using a BD LSRII cytometer and analyzed using FlowJo software (Tree Star , B220 + . HeLa.CIITA cells transiently transfected with plasmids encoding HLA-DOA*0101 and the various HLA-DOB variants were harvested and split for surface staining (for MHC-II-CLIP and MHC-II) and for intracellular staining (for DM and DO). For surface staining, HeLa.CIITA cells were blocked with normal mouse serum, incubated on ice with Abs specific for CLIP (CerCLIP.1-Biotin) and MHC-II for 30 min on ice and washed extensively. After the addition of streptavidin-Alexa 647 (Invitrogen), cells were incubated for 20 min on ice, washed and analyzed by flow cytometry. DAPI was added prior to analysis to allow for dead cell exclusion. For the intracellular measurement of DM and DO levels, the transiently transfected HeLa.CIITA cells were fixed and permeabilized with Cytofix/Cytoperm (BD Biosciences) for 20 min on ice. After washing cells were blocked with normal mouse serum and cells were stained for DM (MaP.DM1-biotin) and DO (Mags.DO5-Alexa 647) for 1 hr at room temperature. After washing, cells were incubated with streptavidin-Alexa 700 for 20 min at room temperature, washed and analyzed by flow cytometry. Transfection of HeLa.CIITA cells with empty vectors expressing only mRuby or AcGFP (pEF1a-MCS-IRES-AcGFP1 or pCDH-EF1-MCS-IRES-RFP) were performed to provide compensation controls for the fluorescence of mRuby and AcGFP. Data was acquired on a BD LSRII cytometer and analyzed using FlowJo software (Tree Star).
Immunoprecipitation and glycan digestions
Purified B cells (10x10 6 ; B6, I/LnJ, H2-Ma
were extracted in 20 mM Tris-HCl, 130 mM NaCl pH 7.4 containing 1% Triton X-100 and protease inhibitors (Roche Life Science) for 30 min on ice. Following the removal of nuclei and cellular debris by centrifugation, lysates were precleared for 30 min at 4 C by incubation with rat or hamster IgG (a-H2-M or Ob1 immunoprecipitations, respectively) and 40 mL of Protein G-Sepharose (GE Healthcare Life Sciences). After centrifugation, H2-M and any coassociated H2-O was immunoprecipitated from the supernatants by the addition of the a-H2-M heterodimer specific monoclonal Ab 2C3A (Fallas et al., 2007) and 40 mL of Protein G-Sepharose. Ob was collected from H2-Oa À/À B cell lysates by immunoprecipitation with Mags.Ob1 (Fallas et al., 2007) and 40 mL of Protein G-Sepharose. Precipitates were incubated for 2 hr at 4 C and Protein-GSepharose pellets were washed three times with lysis buffer. Precipitated proteins were released from the immunoprecipitation pellets by heating the samples for 5 min at 95 C in 0.5% SDS and 40 mM DTT. Samples were split into three equal aliquots and digested with Endo H (NEB BioLabs), Peptide-N-Glycosidase F (NEB BioLabs) or mock digested according to the supplied protocols. Proteins were separated on 10%-20% gradient SDS-PAGE gels (Criterion; Bio-Rad), transferred to polyvinylidene difluoride membranes, and analyzed by immunoblotting with antibodies specific for Ma (YoDMA.1) or for Ob luminal domain (R.Obeta1). H2-Ma À/À and H2-Ob À/À B cells were used for negative immunoprecipitation controls. Ob immunoprecipitates from H2-Oa À/À B cells were used as a positive control to show that the Endo H digestion worked as Ob remains sensitive to Endo H digestion in the absence of Oa ( Figure S4 ). Co-immunoprecipitation of DM co-associated DO variants from transiently transfected HeLa.CIITA cells was performed as described above for mouse H2-M and H2-O with the following modifications. Preclearing was performed with mouse IgG and the DM-DO complex was precipitated using a mixture of monoclonal antibodies specific for the cytoplasmic tail of DMb [Map.DMB/c, (Robbins et al., 1996) ] and to the DM heterodimer (Map.DM1). After washing, DM and any co-associated DO was released from the Protein G beads by the addition of Laemmli sample buffer lacking any reducing agent and heating for 5 min at 95 C. The Protein G beads were pelleted and the supernatant containing the proteins was transferred to a new tube and dithiothreitol (Sigma) was added to a final concentration of 5mM prior to separation by SDS-PAGE, transfer to membranes and analysis by western blotting.
In Vitro Transcription and Translation I/LnJ and B6 H2-Ob cDNAs cloned in pTnT (Promega) were transcribed and translated in vitro according to the manufactures protocol using the TnT SP6 coupled Wheat Germ Extract System (Promega).
Tris-Tricine SDS-PAGE with urea B6 and I/LnJ Ob proteins were separated in standard 10% polyacrylamide gel or gels comprised of 10% polyacrylamide, 1M TrisHCl, pH 8.45, 0.1% SDS and 8 M Urea separating gels and a stacking gels composed of 6% polyacrylamide, 1.15 M Tris-HCl, pH 8.45 and 8 M Urea. Samples were solubilized for 5 min at 95 C in loading buffer containing 8% SDS, 24% glycerol, 100 mM Tris-HCl, pH 6.8, 10 mM DTT, 0.02% Coomassie Brilliant Blue G250 and 8 M Urea prior to running gels using a cathode buffer containing 0.1M Tricine, 0.1 M Tris, 01% SDS and an anode buffer of 0.2 M Tris-HCl, pH 8.9. Electrophoresis was performed at 30-40 V until the samples completely entered the stacking gel and then the voltage was increased to 150 V and run until the Coomassie Brilliant Blue ran off the gel. Gels were transferred to polyvinylidene difluoride membranes, and analyzed by immunoblotting with appropriate antibodies as described above.
Ob-YFP fusion proteins and analysis YFP was fused to the C terminus of B6 and I/LnJ H2-Ob utilizing standard PCR and cloning procedures. The resulting construct contained a 15 amino acid linker (Leu-Glu-Gly-Gly-Ser-Gly-Gly-Ser-Gly-Gly Ser-Gly-Gly-Ser-Gly) between Ob and YFP. The final constructs were confirmed by DNA sequencing and subcloned into the pUB-EGFP-Thy1.1 vector from which EGFP had been excised (Zhou et al., 2009 ). Analysis of the I/LnJ and B6 Ob-YFP fusion proteins was performed by Lipofectamine (Invitrogen) mediated transfection of the plasmids into L-CIITA cells. Forty-eight hr later cells were harvested, lysed and analyzed by western blotting as described above.
T cell activation assay Purified B cells ( 3x10 5 ) and 5x10 4 8-1-6 expressing T cells [lymphoma cell line transfected with T cell receptor chains isolated from a previously described hybridoma (Logunova et al., 2005) ] were plated in flat bottom 96-well-plates. Eighteen hours later, culture supernatants were frozen and screened for IL-2 by color conversion of Alamar Blue (Thermo Fisher) by an IL-2-dependent cell line (CTLL-2, ATCC) as described (Logunova et al., 2005) . For Ab blocking studies, titrated doses (1:4 to 1:250) of the I-A b specific monoclonal Ab Y3JP (Janeway et al., 1984) or a control Ab reactive with I-A j (10.2.16) (Oi et al., 1978) were added to the assay and analyzed for IL-2 secretion as above.
Virus neutralization Sera from MMTV-infected H2-Oa
À/À and H2-Ob À/À and control mice were tested for their ability to neutralize virus in two types of assays. First, and as performed for H2-Ob À/À and their corresponding control mice, each serum diluted at 1/10 with PBS was incubated with purified MMTV(LA) for 2 hr at room temperature and injected into 3 footpads of BALB/cJ mice. Four days after injection, cells isolated from the draining popliteal lymph node were analyzed by FACS for the percentage of CD4 + /Vb6 + T cells among CD4 + T cells. MMTV-encoded SAg stimulates cognate T cells to proliferate during initial stages of infection (Acha-Orbea and MacDonald, 1995) . Proliferating T cells subsequently undergo clonal deletion (Acha-Orbea and MacDonald, 1995) . The proliferation of SAg cognate T cells was used as indicator of virus infectivity (Finke et al., 2003) . The amount of MMTV(LA) used was titrated to give an increase from 10% to 25% of SAg-reactive T cells four days after virus injection. Neutralization (%) was calculated as follows: 
QUANTIFICATION AND STATISTICAL ANALYSIS
Significance was calculated using unpaired t tests as indicated in relevant figure legends.
LD analysis
The original LD block in the MHC-II region identified by three SNPs, rs9276370, rs7756516 and rs7453920 (Chang et al., 2014) did not include HLA-DOB specific SNPs in the analysis. We used LDlink (Machiela and Chanock, 2015) to calculate a new heatmap of pairwise LD statistics in the MHC-II region. Data from all populations in 1000 Genomes Project was used to calculate D' scores. We calculated the D' score or measure of LD (normalized for allele frequency) for each pair of variants. The analysis reproducibly detected the original LD block identified in the MHC-II region. We also found an association between rs144814623 and rs4273729 with D' = 1 and p < 0.0016; chi square test, suggesting both SNPs were associated. Variation in rs144814623 was observed only in individuals with African ancestry in 1000 Genomes, including GWD (Gambian in Western Divisions in the Gambia), LWK (Luhya in Webuye, Kenya), MSL (Mende in Sierra Leone) and YRI (Yoruba in Ibadan, Nigeria).
